F ollowing the isolation of graphene from crystals of graphite 1 , a diverse array of atomically thin materials have been derived from bulk layered solids [2] [3] [4] . These two-dimensional (2D) materials exhibit extraordinary physical properties that are being exploited in a growing range of applications in electronics, photonics, energy conversion and storage, and biomedical technologies. Though the intrinsic phenomena observed in 2D materials can be modified to a degree through extrinsic factors (for example, strain, doping, substrate, environment and chemical functionalization), the most important factor in determining their materials properties-the inplane atomic structure-is essentially fixed. The growth of entirely synthetic 2D materials thus provides a profound opportunity for engineered materials with new and unique attributes 5 . Despite this significant potential, the discovery and synthesis of novel atomic structures with predetermined structure-property relationships remain among the most daunting challenges for the materials field. In particular, for synthetic 2D materials, multiple factors such as the constituent elements, growth substrate and processing conditions play critical and oftentimes competing roles in determining the resulting atomic structure. Until recently, it was not practical to screen a significant number of structure models a priori, but advances in computational materials science theory, algorithms and computer hardware have enabled the study of increasingly complex systems, including predictions of substrate-overlayer structure and properties. Experimentally, high-quality surface science and ultrahigh vacuum synthesis instrumentation provides a path for testing theoretical predictions with atomic precision under idealized conditions, thus allowing iterative theoretical and experimental development.
F ollowing the isolation of graphene from crystals of graphite 1 , a diverse array of atomically thin materials have been derived from bulk layered solids [2] [3] [4] . These two-dimensional (2D) materials exhibit extraordinary physical properties that are being exploited in a growing range of applications in electronics, photonics, energy conversion and storage, and biomedical technologies. Though the intrinsic phenomena observed in 2D materials can be modified to a degree through extrinsic factors (for example, strain, doping, substrate, environment and chemical functionalization), the most important factor in determining their materials properties-the inplane atomic structure-is essentially fixed. The growth of entirely synthetic 2D materials thus provides a profound opportunity for engineered materials with new and unique attributes 5 . Despite this significant potential, the discovery and synthesis of novel atomic structures with predetermined structure-property relationships remain among the most daunting challenges for the materials field. In particular, for synthetic 2D materials, multiple factors such as the constituent elements, growth substrate and processing conditions play critical and oftentimes competing roles in determining the resulting atomic structure. Until recently, it was not practical to screen a significant number of structure models a priori, but advances in computational materials science theory, algorithms and computer hardware have enabled the study of increasingly complex systems, including predictions of substrate-overlayer structure and properties. Experimentally, high-quality surface science and ultrahigh vacuum synthesis instrumentation provides a path for testing theoretical predictions with atomic precision under idealized conditions, thus allowing iterative theoretical and experimental development.
Following this approach, a number of synthetic 2D materials have been realized in recent years (for example, silicene 6, 7 , germanene 8 , stanene 9 , antimonene 10 , bismuthene 11, 12 and tellurene 13 ). Though the study of these materials is still at an early stage, predictions and preliminary measurements of their properties confirm that they are complementary to conventional (that is, layered bulk-derived) 2D materials, as summarized in several recent reviews 5, [14] [15] [16] . Among these, borophene possesses a number of unique characteristics that are highlighted in Fig. 1 . For example, borophene exhibits structures characterized by anisotropy and polymorphism within a family of chemically similar structures [17] [18] [19] , thus providing enhanced property tunability. Broadly speaking, these structures show several common attributes. Perhaps most notably, borophene is expected to be metallic for most structure models, and can thus be described as the lightest 2D metal 20 (as opposed to semimetals such as graphene and silicene or semiconductors such as phosphorene), while also exhibiting mechanical compliance 21, 22 and optical transparency 23 . This combination of properties is not otherwise found in the roster of conventional or synthetic 2D materials. Relatively high temperature superconductivity is also expected in borophene 24, 25 , with transition temperatures predicted in the 10-20 K range. Additionally, theoretical predictions of the most feasible substrate-bound structure models predate any experimental evidence for borophene, thus demonstrating that computational models have evolved to the point where they can effectively guide experimental synthetic efforts. As such, borophene serves as a prototype for the prediction and discovery of new synthetic 2D materials. In this Perspective, we discuss the research trajectory that culminated in the synthesis of borophene and suggest promising directions for future research in borophene and the broader emerging field of synthetic 2D materials.
Elemental boron
As the lightest of the metalloids (Fig. 2a) , boron is the lowest-Z element to form extended covalent networks. However, the trivalent outer shell of boron cannot form a closed-shell electronic structure 
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The synthesis of 2D materials with no analogous bulk layered allotropes promises a substantial breadth of physical and chemical properties through the diverse structural options afforded by substrate-dependent epitaxy. However, despite the joint theoretical and experimental efforts to guide materials discovery, successful demonstrations of synthetic 2D materials have been rare. The recent synthesis of 2D boron polymorphs (that is, borophene) provides a notable example of such success. In this Perspective, we discuss recent progress and future opportunities for borophene research. Borophene combines unique mechanical properties with anisotropic metallicity, which complements the canon of conventional 2D materials. The multicentre characteristics of boron-boron bonding lead to the formation of configurationally varied, vacancy-mediated structural motifs, providing unprecedented diversity in a mono-elemental 2D system with potential for electronic applications, chemical functionalization, materials synthesis and complex heterostructures. With its foundations in computationally guided synthesis, borophene can serve as a prototype for ongoing efforts to discover and exploit synthetic 2D materials.
through conventional covalent bonds [26] [27] [28] , instead forming highly delocalized bonds, wherein electron pairs are shared among three (or more) atoms. As a result, unlike the relatively straightforward allotropy of carbon, boron exhibits up to 16 reported bulk allotropes 26, 29 . These structures, such as the γ 28 phase 28 ( Fig. 2b) , are based on a set of shared structural elements, including B 12 icosahedra, smaller boron clusters and larger cages. This complexity is due to the need to balance conventional two-centre, two-electron (2c2e) bonds, and unconventional, highly delocalized bonding such as three-centre, two-electron (3c2e) bonds to achieve a closed electronic outer shell. The predominantly three-dimensional bonding configurations of bulk boron seemingly suggest minimal potential for 2D boron growth. Furthermore, though several boride compounds exhibit graphene-like boron layers [29] [30] [31] [32] , such as MgB 2 (Fig.  2c) , these layers are strongly bound within the solid in contrast to the weakly bound graphene layers in graphite.
On the other hand, small clusters-formed by laser ablation in vacuum-provide evidence that it is possible for boron to form simple planar structures (Fig. 2d ) that are distinct from the complexities of the 3D bulk 27, [33] [34] [35] . These molecular clusters exhibit aromatic or anti-aromatic electronic structures similar to polycyclic hydrocarbons. Moreover, they show a number of properties associated with borophene as discussed below, such as the development of hexagonal vacancies with increasing size. Several boron nanostructures were grown by chemical vapour deposition (CVD) prior to the observation of borophene, including nanowires with bulk-like interior structure 36, 37 . Single 38 and multiwall 39 boron nanotubes were also reported, but their atomic structure remains unknown. More recently, planar boron nanostructures were synthesized by CVD 40 and chemical transformation of boride precursors 41 . However, these efforts have been confounded by the rapid oxidation of boron in open air, as well as the possible presence of carbon and other contaminants.
Early theories of borophene
The existence of planar boron molecules and cage-like boron clusters suggests that boron shares many of the characteristics of carbon 27, [33] [34] [35] . Nevertheless, on this basis alone, it is unclear if boron can form a graphene-like 2D structure. Since boron lacks one electron compared to carbon, a honeycomb boron sheet is unstable and can exist only on the surface of some metal diborides 42 . A 2D layer composed of icosahedral B 12 clusters, the basic structural unit in bulk boron (Fig. 3a) 
43
, is also unstable due to reactive boron atoms at the surface. In contrast, a relatively stable triangular sheet was proposed based on the Aufbau principle, inspired by the appearance of hexagonal pyramids in small boron clusters (Fig. 3b) 
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. This triangular lattice is buckled out-of-plane in alternating up-and-down rows, and was considered to be the global minimum for almost a decade 44 .
More recently, the triangular lattice has also been predicted to yield 2D boron structures with intrinsic Dirac electronic states 45 .
A conceptually different structural motif was subsequently proposed in refs 46, 47 in which a purely flat boron sheet (that is, the α sheet model) is derived from an unfolded B 80 fullerene 48, 49 ( M Mg Mg Mg Mg g N Na Na Na Na 
Al Al Al Al Al Si Si Si Si Si P P P P P S S S S S Cl Cl Cl Cl Cl A Ar Ar Ar Ar G Ga Ga Ga Ga G Ge Ge Ge Ge A As As As s S Se Se Se Se B Br Br Br Br K Kr Kr Kr Kr 46 , resulting in its structural planarity and higher stability than the triangular lattice. In addition, the appearance of HHs in the otherwise triangular lattice implies significant structural diversity for borophene, which manifests itself as different concentrations and ordering of HHs 50 . Elaborating on this concept, subsequent studies reported a series of boron sheets with HHs arranged in different patterns that have stability comparable to the α sheet 51 .
From freestanding to substrate-supported borophene
Numerous ways of arranging HHs in borophene make direct prediction of its ground state structure using density functional theory (DFT) methods unrealistic. Therefore, several theoretical studies invoked accelerated techniques to search for energy minima among possible borophene structures 18, 19 . Notably, in ref.
19 the cluster expansion method was applied by treating a borophene sheet as a pseudo-alloy comprised of HHs and triangular lattice, which enabled efficient evaluation of the structural stability of borophene. Figure 3d presents the ground states of borophene as a function of v, which reveals that the v 1/8 , v 4/33 and v 2/15 sheets are more stable than the α sheet by several meV per atom (Fig. 3d, insets) . This small energy difference suggests that borophene may exhibit polymorphism when synthesized at finite temperature. However, almost all borophene structures are predicted to be metallic in electronic structure 19, 46 . Since bulk boron structures are not naturally layered, borophene is inherently metastable, with total energies higher than bulk boron by up to 400 meV per atom 52 . This metastability suggests that a suitable substrate is required to synthesize a 2D sheet. Ideally, such a substrate would exhibit sufficient adhesion to boron atoms, such that deposited boron wets the surface, but would not bind strongly enough to alloy or form compounds with boron. Since a 2D nucleus can fully interact with the substrate to lower its formation energy in contrast to a 3D nucleus, where only a fraction of boron atoms can benefit from the substrate interaction, a smaller nucleation barrier is anticipated for 2D growth. Once the boron nucleates in a 2D mode, transformation into a 3D structure will be kinetically prohibited. Calculations showed that a Ag substrate meets these conditions 17 .
Simulations also revealed that islands with HHs can spontaneously appear during boron nucleation on Cu(111) (ref. 53 ). Beyond promoting 2D nucleation, substrates also affect the ground states of borophene 54 . The preferred structure on Ag, Cu and Ni is a flat v 1/6 sheet (Fig. 3e) , whereas a v 1/12 sheet with significant off-plane buckling is favoured on Au, because borophene donates electrons to Au but withdraws them from Ag, Cu and Ni. On Ag(111), a flat v 1/5 sheet is also found to have comparable stability to the v 1/6 sheet (Fig. 3f) 
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. The v 1/5 and v 1/6 sheets have parallel HH rows, resulting in a relatively close match of their lattices with the close-packed direction of the Ag(111) surface (Fig. 3e,f) .
Experimental synthesis and measured properties
By 2015, theory had not only predicted specific metallic substrates for borophene growth (for example, Ag, Au and Cu), but also the nontrivial lattices that should form. Experimental evidence for borophene synthesis was then presented in two independent studies by Mannix et al. 20 and Feng et al. 55 , both of which employed growth under ultrahigh vacuum conditions to prevent degradation or contamination of the resulting borophene sheets. Atomically clean Ag(111) was used as the growth substrate, and boron was deposited in a highly controlled dose using electron-beam evaporation from a high-purity elemental source. Both studies observed the emergence of island features in scanning tunnelling microscopy (STM) images following boron deposition at substrate temperatures above ~500 K, as shown in Fig. 4a,b . These images showed islands with three types of characteristic: homogeneous electronic contrast (red arrow), striped electronic contrast (white arrow) and nanoribbons (blue arrow).
In these studies, two structural polymorphs of borophene were observed in STM: a rectangular lattice that often appears with adjoining striped regions (Fig. 4c) and a rhombohedral lattice (Fig. 4d) . Notably, both structures are anisotropic, composed of 1D chain-like features with a periodicity of ~0.3 nm along the chains. The proportions of each structure present were determined by the growth conditions. Mannix et al. 20 observed that the rhombohedral phase appeared to grow at lower temperatures (~720-870 K), whereas the rectangular lattice with striped features was favoured at higher temperatures (~770-970 K), with a substantial window of overlap between the phases. The boron deposition rate also played a key role, with nanoribbons of the striped/rectangular lattice observed at low growth rates. Further demonstrating the importance of growth rate, Feng et al. 55 reported that the rectangular phase dominated at lower temperatures (~570 K), and the rhombohedral phase at higher temperatures (above ~680 K).
Comparison with simulated STM images (Fig. 4e,f) suggests that the rectangular and rhombohedral lattices are consistent with the v 1/6 and v 1/5 models, respectively (shown in Fig. 3f,g ). The observation of stripe features was subsequently related to buckled undulations underneath the borophene via substrate reconstruction 22 . These features are calculated to reduce the overall energy of the system by increasing the number of energetically favourable adsorption sites of HHs in relation to Ag atoms, but require surmounting a substantial thermal activation barrier, which is consistent with their observation only at the highest growth temperatures 43 . It has subsequently been shown that borophene deposition on Ag(110) results in ~10-nm-wide ribbons (Fig. 4g) with atomic structures similar to those on Ag(111) (ref. 56 ). Experimentally, the physical properties of borophene remain an active area of investigation, though several key attributes have been measured. For example, borophene shows metallic electronic character, as measured by tunnelling spectroscopy 20 and photoemission spectroscopy 57 . These measurements are consistent with most theoretical predictions for borophene sheets that predict a finite density of states at the Fermi level 19, 46 , thus implying that borophene is the lightest 2D metal. In addition, photoelectron spectroscopy shows evidence of Dirac fermions in borophene 58 . While calculations of the borophene band structure show Dirac cones located at ~2 eV above the Fermi level 25 , the experimentally observed Dirac cone energy at ~0.25 eV below the Fermi level differs significantly from prior theoretical predictions 59 . This apparent discrepancy between experiment and prior calculations requires further investigation.
Chemically, borophene has been observed to oxidize when exposed to air 20, 55 , though oxidation is suppressed when exposed to pure O 2 under ultrahigh vacuum conditions 55 . The nature of this degradation remains unclear, and it is possible that the oxidation is accelerated by other atmospheric species (for example, H 2 O), as is known for boron thin films 60 . Notably, this chemical reactivity does not extend to the small molecule perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) 61 . Instead, evaporated PTCDA molecules preferentially adsorb on uncovered Ag(111) terraces and form structurally and electronically abrupt lateral heterostructures with the borophene islands.
Future research directions and outlook
Many fundamental properties of borophene are yet to be measured, despite a growing number of tantalizing theoretical predictions related to the intersection of reduced dimensionality and anisotropy with metallicity and mechanical strength. One notable example is the potential for highly confined plasmons with near-infrared or even visible resonances 62 , which are rendered directional due to the anisotropic atomic structure of borophene. In addition, as an atomically thin 2D metal, borophene is anticipated to be among the best candidates for optically transparent electrode applications 23 . The intrinsic metallicity of borophene has been predicted to give rise to conventional phonon-mediated superconductivity 24, 25 , especially given the strong electron-phonon coupling resulting from the low mass of boron. Calculations place the borophene superconducting critical temperature (T c ) in the range of 10-20 K, depending on the HH concentration. These expectations are in line with the relatively high-temperature superconductivity observed in MgB 2 (T c = 39 K) 63, 64 . However, charge density waves may compete with superconductivity in borophene, thus necessitating thorough experimental evidence and careful interpretation.
Due to the unique nature of boron-boron bonds, borophene promises excellent mechanical properties, including superlative inplane stiffness and strength comparable to graphene 21, 65 . Specifically, the v 1/6 borophene phase has an exceptionally small bending stiffness across the aligned HH rows (nearly one-fourth of that of graphene), with a high Young's modulus, and the added potential for exceptional mechanical stretchability when incorporating the unique undulations of the buckled striped phase 21, 22 . Additionally, instead of directly fracturing as in other 2D materials, borophene is predicted to undergo structural phase transitions under tension, resulting in high mechanical toughness. Stiffness coupled with light atomic weight also leads to high phonon velocities, suggesting efficient thermal transport that will be enhanced even further by electronic contributions 65 . All of these properties are mediated and modulated by the anisotropy and polymorphism encountered in borophene synthesis thus far. Therefore, it should be possible to tune these properties by employing different growth substrates that will modify the resulting structure.
Understanding and harnessing these properties requires advances in the quality of borophene synthesis. Particularly, to study these properties under intrinsic conditions (that is, without lateral confinement effects), it is desirable to increase the grain size of borophene and to decrease the defect density. For example, the use of a more anisotropic surface than Ag(111) may enhance grain size through aligned coalescence and reduce the potentially deleterious effects of grain boundaries that are likely amplified by rotational misalignment between anisotropic islands. CVD growth (Fig. 5a ) may also improve the lateral size of borophene islands, as has been observed in graphene 66 , in addition to enhancing the scalability of borophene synthesis for potential applications. However, the development of a borophene CVD process requires the identification of a practical boron precursor and a catalytically active substrate to drive precursor decomposition and subsequent 2D nucleation and growth. Another important synthetic goal is the identification of non-metallic growth substrates that would facilitate many borophene property measurements such as lateral charge transport characterization. Further understanding of the polymorphic nature of borophene synthesis may also lead to deterministic control over vacancy superstructures that optimize properties of interest (for example, high axial electrical conductivity with low bending stiffness, or more directionally uniform properties via an isotropically lattice-matched substrate). Moreover, the mechanism underlying the formation of borophene nanoribbons, and their resulting materials properties, are yet to be studied in detail.
The transfer of borophene from the Ag substrate (Fig. 5b) to an electrically insulating substrate is a critical step towards fabricating electronic devices and thus unambiguously measuring the intrinsic electronic properties of borophene. Energetically, this transfer appears feasible since the adhesion energy of borophene to Ag(111) is γ ≈ 0.04 eV Å -2 , which is comparable to the value of 0.02 eV Å for graphene to Cu(111) (refs 17, 22 ). Combining this adhesion energy with the low bending stiffness of borophene D ≈ 0.4 eV (ref. 21 ), the curvature radius at detachment can be estimated as r ≈ (D/γ) 1/2 ≈ 4 Å, which is schematically illustrated in Fig. 5c . However, a significant obstacle to realizing a non-perturbative transfer process is the chemical reactivity of borophene that presents significant contamination and/or degradation challenges in a typical solution-based transfer. One possible solution would be to replicate the encapsulation and transfer methodology that has been applied to the fabrication of silicene devices 67 . Alternatively, recent developments in the vacuum stacking of conventional 2D materials may be applied to encapsulate borophene and potentially to transfer it from the growth substrate without contacting air or water 68 . This transfer process could be assisted by the intercalation of a chemical species with enhanced affinity for silver yet relatively low reactivity towards borophene. The need for transfer schemes could also be obviated by the aforementioned prospect of growth on an insulating substrate, where the properties of borophene could be studied and exploited without interference. Yet another route might be provided by passivating borophene through chemical functionalization. While covalent surface modification may modify the properties of borophene, the resulting changes could be advantageous. For example, covalent modification of phosphorene has improved chemical stability while enhancing electronic properties via adsorbate-induced doping 69 . The observed reactivity of borophene suggests that it will be more amenable to such covalent modification than graphene 70 , and thus may provide additional opportunities for property modification.
The unique metallic properties of borophene are expected to be particularly useful when integrated into heterostructures with other 2D materials 71, 72 . For example, laterally stitched heterostructures (Fig. 5c ) could incorporate narrow strips of borophene as highly conductive pathways within an otherwise insulating hexagonal boron nitride (hBN) sheet, analogous to concepts envisioned for graphene circuitry 73 but potentially with higher conductivity. In practice, this concept may be realized through highly boron-rich grain boundaries in hBN, due to the narrow critical width necessary to produce metallic conduction in a 1D boron chain 74 . Vertically stacked heterostructures incorporating borophene (Fig. 5d) are also expected to yield numerous benefits. As one example, 2D metalsemiconductor junctions would enable a wide range of applications, such as atomically thin Schottky diodes and tunnelling transistors. Moreover, the plasmonic properties predicted for borophene 62 could provide a compact means for directing light-matter interactions without disrupting the atomically thin stacking order in vertical van der Waals heterostructures. As an added benefit, sandwiching borophene between layers (for example, insulating hBN) may protect borophene from air exposure, while simultaneously preserving its intrinsic properties 75 , thus facilitating high-performance borophene devices.
At this early stage, borophene displays potential in several distinct technological applications. By further coupling the bending flexibility and mechanical stretchability of borophene with its superlative in-plane elasticity and intrinsic metallicity, borophene may prove to be an ideal choice for flexible and transparent electronic interconnects, electrodes and displays 23 . Further characterization of borophene will likely unveil additional opportunities for technological development, as properties such as superconductivity could be integrated within layered heterostructures to form unique devices including all-2D Josephson junctions or superconducting quantum interference devices (SQUIDs) as shown in Fig. 5e . Such devices would exhibit interfacial quality and spatial confinement that cannot be achieved in bulk materials. Similarly, the plasmonic properties of borophene could be tailored and harnessed by integration in stacked vertical heterostructures. A number of forward-thinking predictions have suggested borophene as an effective material for hydrogen storage 76 and battery applications 77, 78 , but these technologies would require substantial increases in the volume of borophene synthesis.
While borophene itself may prove to have long-term impact for fundamental science and applied technology, it more generally holds significance in the context of materials design. The iterative feedback loop between theoretical and experimental results is widely considered to be the key to expediting the discovery and exploitation of new materials with desired properties. The fact that experimental borophene synthesis followed prior theoretical projections validates the predictive power of modern computational materials science and suggests that further experimental discoveries can be seeded by theoretical predictions. For example, many of the aforementioned challenges for the future study of borophene (for example, alternative growth substrates, chemical functionalization and transfer methods) can likely be addressed by building off the successful theoretical models that inspired the initial experimental realization of borophene. More broadly, the insights and lessons gained from borophene suggest pathways for the deterministic design of other synthetic 2D materials, thereby significantly expanding the structural phase space and thus potential properties and applications in the atomically thin limit. Indeed, the power of such high-throughput approaches towards materials discovery was recently demonstrated for exfoliable 2D materials 79 , and this approach will likely yield increasing dividends when applied towards winnowing the phase space for the time-consuming processes of materials synthesis. The experimental realization of synthetic 2D polymorphs of boron reveals a number of opportunities. Most apparently, the ability to modify the properties of an atomically thin metal by tailoring the structural anisotropy and polymorphic vacancy superstructure promises to unleash a number of fundamental and technological advances. Moreover, these experimental advances are built on a foundation of theory with significant transformative power. The great accord between pre-existing theory and experimental observations for borophene hints at a future where theory can guide experiment towards materials with optimal properties or unique attributes. As the ability to integrate these atomically thin materials into complex structures becomes increasingly sophisticated, this combined toolset should yield the capability to engineer materials at the atomic limit with properties unmatched by natural bulk materials.
